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Introduction
It has been shown that the density, viscosity, dielectric constant and ion product of pure water are significantly reduced at elevated temperatures, especially in supercritical water (SCW) [1] [2] . Owing to these remarkably changes, SCW has wide industrial applications. For example, it has been considered as an important medium for the disposal of waste organic compounds [2] . In general, SCW is found to be miscible with many organic compounds and gases, but shows negligible solubilities of salts. Previous studies confirmed that the solubilities of many alkali metal sulfates were significantly decreased in SCW and sulfates precipitated from supercritical solutions [2] [3] [4] [5] . However, many aqueous sulfate solutions were reported to show intriguing liquid-liquid immiscibility at elevated temperatures [6] [7] ; the homogeneous aqueous solution separated into two immiscible liquid phases coexisting with vapor phase. It should be noted that no precipitate was formed in this case, even though the temperature reached the supercritical point of water. Among these sulfate-water systems, the UO2SO4-H2O system has been studied for a long time because the liquid-liquid phase separation temperature constitutes the upper limit for the operation of aqueous homogeneous reactors [8] [9] [10] [11] [12] . For example, Marshall and coworkers observed the liquid-liquid immiscibility at elevated temperatures and pressures (280-450 ºC, 7.5-180 MPa) [12] . The compositions of the immiscible liquid phases were also analyzed using quenching method [10] . Although they postulated that the liquid-liquid immiscibility might be in close association with the polymerization between UO2 2+ and SO4 2- [12] , no detailed information on the ion interactions in the two immiscible liquid phases is available. In addition, disagreement exists among the reported lowest temperatures for the occurrence of the liquid-liquid immiscibility in aqueous UO2SO4 solutions. For instance, Secoy reported that the liquid-liquid immiscibility occurred at temperatures above 295.5 ºC [8] , whereas
Marshall and Gill observed the critical liquid-liquid immiscibility temperature at 286 ºC in 0.58-1.14 mol/kg UO2SO4 [12] .
As to the association between UO2 2+ and SO4 2- , Raman spectra of the v1 (UO2   2+   ) band has been reported to be an effective indicator [13] [14] [15] [16] ; the coordination of UO2
2+
can increase the O=U=O length, causing the v1(UO2
) band shifts to lower wavenumber [13] [14] [17] [18] [19] . In fact, Raman spectra of the v1(SO4 
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Optical cell preparation
Deionized water and guaranteed reagent UO2SO4·2H2O (99.9 mass %, Hubei
Chushengwei Chemistry Co., Ltd.) were used to prepare aqueous uranyl sulfate solutions with the following molality: 0.18, 0.36, 0.54, 0.71, 0.88 and 1.04 mol/kg.
Fused silica capillary tubes (Polymicro Technologies, LLC) with 300 μm outer diameter and 100 μm inner diameter were used to construct the optical and spectroscopic cells (fused silica capillary capsule, FSCC). This type of optical cell was first introduced by Chou et al. [25] , and the sample loading procedures were well described in previous literatures [24] [25] . First, one end of the tube was sealed with a hydrogen-oxygen flame. Then, the aqueous solution was loaded into the tube and centrifuged to the sealed end. At last, the sealed end of the tube was inserted into
water and the open end was sealed via fusion in a hydrogen-oxygen flame. Since samples were heated along a liquid-vapor curve, accurate pressures at the liquid-liquid phase separation points inside FSCCs were unknown and they varied with temperature and UO2SO4 concentration. Different from our previous studies, in order to avoid the reduction of UO2 2+ , the silica tube was not vacuumed before the sealing of the FSCC using hydrogen-oxygen flame [19] . The FSCC has enough mechanical resistance at high temperature (ca. 500-650 ºC) and higher pressure (ca. 100~300 MPa), and has already been used as a reactor for subcritical and supercritical reactions, especially for those involving the hydrolysis of many organic waste compounds [26] .
Microscopic observation and Raman characterization
A Linkam CAP500 heating stage was used to control the temperatures of the optical cells containing UO2SO4 solutions (25-420 ºC ) spectra were collected from 600 cm -1 to 1400 cm -1 , and spectra for the vs(H2O) band were obtained from 2600 cm -1 to 3900 cm -1 .
The acquisition time was 40-240 s with three accumulations. The 1000.7 cm -1 peak of benzonitrile (McCreery Research Group) was used to calibrate the wavenumbers of the collected spectra [24] .
To characterize the speciation and relevant ion interaction in the UO2SO4-H2O system at high temperatures, the PeakFit v. 4.0 program (AISN Software Inc.) was used to fit the spectra of the v1(UO2
2+
) band. The spectra were treated with a Lorentz-Gaussian model, a linear baseline and 0.5 % smoothing.
Results and discussion
Liquid-liquid immiscibility
The phase behaviors of 1.04 mol/kg UO2SO4 in the optical cell were illustrated Since liquid-liquid immiscibility is undesirable in homogenous reactors using UO2SO4 (H2O/D2O) solutions as fuels [10] , many experimental observations were carried out to describe the phase boundaries of the two immiscible liquids under saturation pressures or hydrostatic pressures [9, 12] . As shown in Fig. 2 [12] .
Unlike previous observations [9, 11] , the liquid-liquid immiscibility was found to be fairly stable in aqueous UO2SO4 solutions because no precipitates were observed in all the investigated samples at temperatures up to 420 ºC. To investigate the possible changes in the thermodynamic properties of the UO2SO4-H2O system, Yang and
Pitzer conducted theoretical calculations at temperatures close to the critical temperature of the liquid-liquid immiscibility [27] . According to their calculation, liquid-liquid immiscibility was expected to occur in 2-2 electrolyte solution with considerable solubility at 250-300 ºC. The absence of liquid-liquid immiscibility in most 2-2 electrolyte solutions was ascribed to the remarkably reduced solubilities at temperatures above 77-127 ºC [27] . This result can explain the unusual phase behavior in aqueous UO2SO4 solution, because UO2SO4·H2O exhibits exceptionally high solubility at elevated temperatures (7.75 mol/kg at 287 ºC, [28] ). However, it cannot explain the formation of liquid-liquid immiscibility in aqueous MgSO4 solution at temperatures above 260 ºC [24] because the solubility of kieserite (MgSO4·H2O) was reported to be significantly reduced at temperatures above 200 ºC [29] .
Marshall and Gill observed the liquid-liquid immiscibility in aqueous solutions at pressures up to 180 MPa and proposed that the liquid-liquid immiscibility temperature increases approximately linearly with pressure [12] . They noticed the relationship between the complex ion association and the liquid-liquid immiscibility. Considering liquid-liquid immiscibility is common in organic-bearing solutions, the uranyl-sulfate ion association was suggested to create an organic-like aqueous solution favoring the separation of a new liquid phase at elevated temperatures [12] . In fact, it has been accepted that the LCST phenomenon characterizes polymer solution [30] [31] .
Therefore, our observations of the LCST phenomena support the strong ion association in aqueous UO2SO4 solution at high temperatures.
Ion association between UO2
2+ and SO4
2-
The free uranyl ion (UO2 2+ )aq displays a symmetric stretching mode (v1) at ca. As shown in Fig. 3 , the Urich phase is characterized by strong v1(UO2 ) band has been observed (Fig. 4a) .
However, the symmetry of the v1(UO2
2+
) band increases with increasing temperature.
The v1(UO2
) band shows three components at ca. 870 cm -1 (C870), 860 cm -1 (C860) and 852 cm -1 (C852) (Fig. 4a and Supplementary Material). These three v1(UO2 2+   ) sub-bands have been observed in aqueous UO2SO4 solutions with sulfate/uranyl ratio ranging from 5 to 600 at room temperature [13] and can be assigned to UO2 2+ , UO2SO4 0 , and UO2(SO4) 2- , respectively [13] [14] . With increasing temperature, the relative peak height of C860 and C852 increases whereas that of C870 decreases (Fig. 4a) .
Meanwhile, the C870 component shifts to higher wavenumber with the rise in temperature. After the occurrence of the liquid-liquid immiscibility, the higher-wavenumber shift of C870 component in the Urich phase is more obvious (Fig.   4a ). The v1(UO2
) bands become more symmetric and shift to higher wavenumber with increasing temperature; ca. 3 cm -1 higher-wavenumber shift was observed from 300 to 420 ºC. The intensity of C870 sub-band decreases with increasing temperature and cannot be detected at temperatures above 320 ºC (Fig. 4a) . This result indicates that uranyl complexes are the dominant uranyl species in the Urich phase. The
v1(UO2
2+
) bands of the Urich and Upoor phases at the same temperature were also compared to investigate the speciation differences. In the Upoor phase, the shape of ) sub-bands in concentrated aqueous uranyl solutions, especially at high temperatures.
As to the v1(SO4
2-
) bands, the spectrum shapes are more complex. As shown in ) band (Fig. 4b) , the ion association should be more complex than those derived from analyses of the v1(UO2
2+
) bands in low temperature UO2(SO4)2 solutions. Therefore, ions and/or simple ion pairs should transform to complex ion pairs as well as ion pair chain structures (polymers) in aqueous UO2SO4 solution at high temperatures. Another band at ca. 1044 cm -1 was observed in the Urich phase (Fig. 4b) ; it might be in association with the v3(SO4 -SO4 2-ion pairs [16] , which was also observed in aqueous phase (Fig.   4b ). It should be noted that the Raman signals of v1(SO4 2- ) bands are very weak in the Upoor phase and were not further studied in this study (Fig. 5) .
In addition to the v1(UO2 2+ ) and v1(SO4 2- ) bands, the asymmetric stretching band of UO2 2+ (va) was also identified at ca. 960 cm -1 (Fig. 4b) (Fig. 4b) . However, in the Urich phase, the v1(HSO4 -) band is not obvious. Previous studies reported that UO2 2+ -SO4 2-ion pairing is more stable than that between UO2 2+ and HSO4 - [13] [14] . In some cases, HSO4 -was even considered to be non-complexing anion at high temperature [37] . As a result, the left UO2 2+ in the Upoor phase coordinated with SO4 2-to form stable UO2
-SO4 2-ion pairs. This process was promoted by the transformation of HSO4 -to SO4 2- .
In summary, in situ Raman spectroscopic description of the liquid-liquid immiscibility in UO2SO4-H2O system supports previous speculations that the ion pairing between UO2 2+ and SO4 2-increases with increasing temperature [12, 38] . A decrease of the dielectric constant of water with increasing temperature, especially under supercritical conditions, favors the strong UO2 2+ -SO4 2-ion association to form complex ion pairs, even polymer structures.
UO2SO4 concentration of the immiscible fluids
Previous studies suggested that the integrated Raman intensity (peak area) ratio between Raman active species and water could be used to indicate the concentration of corresponding species in water; Raman peak areas are proportional to the number of species in the analyzed volume [39] . In aqueous UO2SO4 solution, both UO2 2+ and ) bands, especially in the Upoor phase (Fig. 5 ). ) bands in the Upoor phase cannot even be detected at temperatures above 370 ºC (Fig. 5) ) band is weak (Fig. 5 ). In the
v1(UO2
2+
)-intensity normalized spectra of the v1(SO4 2- ) bands, it is obvious that the Upoor phase was characterized by a predominant v1(HSO4 -) band, which was even not observed in the Urich phase (Fig. 7) . Considered the strong U-O bonding [44] but weak
v1(UO2
2+
) signal in the Upoor phase (Fig. 5a) 
Conclusions
In this study, the liquid-liquid immiscibility in UO2SO4-H2O system was Table 1 (squares) and those documented in [8, diamonds] , [9, triangles] , [11, inverted triangles] and [12, circles] . 
